When adult rat hepatocytes were cultured in a serum-containing medium supplemented with glucagon and insulin, DNA synthesis was induced regardless of pyruvate concentration in the culture medium. In contrast, in a serum-free medium, degeneration of hepatocytes was observed at pyruvate concentrations below 5 mM. However, hepatocytes survived and DNA synthesis was induced in a serum-free medium when pyruvate at higher concentrations (more than 5 mM) was present. DNA synthesis in a serum-free medium was dependent on pyruvate concentration and increased linearly up to 40 mM. Addition of glucose or fructose (20 mM each) to a low pyruvate medium (1 mM) did not prevent hepatocytes from degeneration. These results indicate that a high concentration of pyruvate could be substituted for serum in cultivation of hepatocytes. From these observations, we propose that pyruvate is involved in one of the key cellular processes of the induction of DNA synthesis.
tion, induction of DNA synthesis has been studied in primary cultures of adult rat hepatocytes (8, 18, 20) . Previously, we have also reported the induction of DNA synthesis in adult rat hepatocytes cultured in a serum-containing medium (9) . In the above reports, however, serum has been used as an essential culture medium component, since serum contains cell attachment factor(s) as well as growth factors. We have recently shown that DNA synthesis can be induced even in a serum-free medium throughout the culture period (6) . In contrast to the other reports, the length of the prereplicative period, e.g. the time lag between plating and initial rise in DNA synthesis, in our hepatocyte _culture in the 'presence (9) or absence (6) of serum in the culture medium was close to that observed after partial hepatectomy.
Since carbohydrate metabolism in the liver is different from that in other organs, we examined the effect of carbohydrates on survival and DNA synthesis in hepatocytes in our culture system, and found that pyruvate was the most important carbohydrate in our culture medium (13) . In this paper, we report that a high concentration of pyruvate not only replaced serum but increased the rate of DNA synthesis in a dose-dependent manner.
Procedures for primary culture of hepatocytes were essentially the same as reported in the previous papers (6, 9) except that the composition of synthetic basal medium (9) was improved as follows. Adenine-HCl (12 mg/l), an increased amount of glutamine (700 mg/1), and galactose (200 mg/1) were used in the present medium, and inosine, sodium succinate, and sodium oleate were omitted. About 1.5><10°v iable hepatocytes in 5 ml of basal medium were plated in a TD-35 (40 cmi) glass culture flask and incubated at 37°C under air in a closed system. The culture period was divided into P1 (plating to 4hr), P2 (4 to 22 hr) and P3 (22 hr to labeling). The medium was changed at 4 hr and 22 hr. Fibrinogen digests (FD) were added to the basal medium during P1
to facilitate hepatocyte attachment and spreading (6, 9) . Table 1 shows the effect of pyruvate on DNA synthesis and recovery of nuclei in hepatocytes cultured in the presence or absence of dialyzed fetal bovine serum (FBS, GIBCO). When FBS was present, the hepatocytes survived regardless of the pyruvate concentration used (0 to 30 mM). The rate of DNA synthesis increased as pyruvate concentration was raised. In the absence of FBS, on the other hand, the hepatocytes did not survive for 48 hr after plating when concentrations of pyruvate were below 5 mM. However, the hepatocytes survived when pyruvate at higher concentrations (more than 5 mM) was used. In particular, when 
The culture period was divided into P1 (plating to 4 hr), P2 (4 to 22 hr) and P3 (22 hr to labeling).
FD was added to the basal medium in P1, and glucagon (Calbiochem, S0 ng/ml) and insulin (Sigma, 50 ng/ml) were added to basal medium in P2 and P3. Dialyzed FBS was present (5%) or absent throughout the culture period. Sodium pyruvate was also present throughout the culture period. Nuclei were harvested at the end of [3H]-thymidine (NEN, 0.5 Ci/mmol, 5 ,uCi/flask) pulse labeling. Since DNA synthesis reached a peak around 48 hr after plating, [3H]thymidine labeling was performed from 46 to 48 hr as reported previously (6) . synthesis.
The dose-response curve for pyruvate in DNA synthesis in the absence of FBS is shown in Fig.1 . The rate of DNA synthesis increased in proportion to pyruvate concentration up to 40 mM, and the maximal value was observed at 40 and 60 mM. The figure also shows that recovery of nuclei was almost the same at various pyruvate concentrations between 10 and 60 mM.
An autoradiographic observation showed that silver grains caused by increased incorporation of [3H]thymidine were seen exclusively in the nuclei (9) . Furthermore, incorporation of [3H]-thymidine was completely inhibited by the addition of hydroxyurea (9) A high concentration of pyruvate was necessary throughout the culture period in a serumfree medium as shown in Table 2 . When the concentration was at 20 mM during the initial 22 hr (P1 and P2), and reduced to 1 mM during the subsequent period (P3), DNA synthesis decreased to 48% of the culture supplemented with 20 mM pyruvate throughout the culture period, although recovery of nuclei was almost the same. Moreover, when pyruvate concentration was 1mM during P1, P2, or both, the hepatocytes degenerated by 48 hr after plating even though a high concentration of pyruvate was added later. l Concerning the relation between pyruvate and cell proliferation, exogenously administered pyruvate stimulated DNA synthesis in previously growth-inhibited hepatoma cells (HTC4) (16) and chick embryo fibroblasts (5) , and it also stimulated growth of carcinosarcoma cells (14) and Novikotf rat hepatoma cells (19). Recently, McKeehan and McKeehan (11) have reported that in human fibroblast cultures, pyruvic acid was one of the key nutrients for cell multiplication. They showed that pyruvate, in the range between 0 and 0.02 mM, exhibited an inverse relationship with serum proteins, namely, the concentration of pyruvate required Table 1 , except that pyruvate at various concentrations was used. These are the typical results from 4 independent experiments. Each point expresses average cpm per flask (I) and recovery of nuclei (O), expressed as % of nuclei recovered from cultures containing 10 mM pyruvate, obtained from duplicate flasks. Deg.
Deg.
The experiment was done as described in Table 1 , except for the time of addition of pyruvate. The concentration of sodium pyruvate was 20 mM (+) or 1 mM (--). The number of nuclei recovered from flasks to which was added 20 mM pyruvate in P1 and P2 was almost the same as from those to which was added 20 mM pyruvate throughout the culture period. Table 3 , the addition of glucose or fructose at a concentration corresponding to that of pyruvate (assuming that each sugar converts into two molecules of pyruvate) to a serum-free, low pyruvate (1 mM) medium did not prevent hepatocytes from degeneration. Among these sugars, the order of effectiveness which prolonged survival of the hepatocytes was galactose > glucose > fructose. These results are consistent with our previous observations (9, 13) . Thus, the degeneration of hepatocytes in the absence of FBS (Table 1 and Table 2) was not due to the lack of these sugars but to the lack of pyruvate in the medium. Since many cultured cells depend mainly on glucose for energy needs and as a carbon source, the present observations that glucose did not support survival of hepatocytes are noteworthy.
With regard to glucose metabolism, Bissell er al.
(1) demonstrated that primary cultures of adult rat hepatocytes differed from the cell lines in consuming relatively small amounts of glucose.
By contrast, the permanent cell lines (BRL and HTC cells) consumed glucose at a 40-fold greater rate than did primary culture. Our medium does not contain serum or glucose, so that it is practicably useful for cultivation of parenchymal liver cells, since it discouraged the growth of most, if not all, non-parenchymal cells. The possibility that the effect of a high concentration of pyruvate was caused by an increase in osmotic pressure was ruled out, since galactose, glucose, or fructose (Table 3) , or sodium K. HASEGAWA and M. KOGA chloride (not shown) did not replace the effect of sodium pyruvate.
There have been earlier reports of the use of pyruvate in synthetic media (3, 4, 7, 10, 12, 14, 21) . The concentration of pyruvate in these media was below 5 mM. In some media, pyruvate was substituted for glucose when combined with galactose (4), or with alanine and galactose (3, 10) . A recent study by Siegel and Bernlohr (19) has shown that a high eoncentration (30 mM) of pyruvate or L-lactate in the presence of serum, when substituted for glucose, promoted the growth of Novikoff rat hepatoma cells. This may be consistent with our present observation of stimulation of hepatocyte DNA synthesis by a high concentration of pyruvate. However, DL-l&Ct3.i6 (10 mM) was ineffective in maintaining survival and stimulating DNA synthesis in our primary culture of hepatocytes (13).
In 1951, Potter reported (17) the intriguing hypothesis that in growing tissues (tumors), substrates in the Krebs cycle might be available at higher concentrations than in non-growing normal tissues (liver and kidney). If this hypothesis is applicable to growing and non-growing normal tissues, then the exogenously administered high concentration of pyruvate used in this study may increase the intracellular concentration of substrate(s) in the Krebs cycle, which eventually may lead to the induction of DNA synthesis in quiescent hepatocytes. Conversely, the high concentration of pyruvate may function other than as a simple carbon source. For example, excess pyruvate in a serum-free medium may play a physicochemical role which is usually played by serum, such as protection of cells from damage caused during isolation procedures and hazardous environmental ' The experiment was done as described in Table 1 , except that each sugar was added to the basal medium. The basal medium contained 1 mM each of sodium pyruvate and galactose. The number of recovered nuclei in the galactose medium was 32% of that in the pyruvate medium. The values shown are average cpm per flask from duplicate flasks. Deg. indicates degeneration of hepatocytes by 48 hr; changes, etc. Although the present study showed that a high concentration of pyruvate replaced the requirement for serum in survival and DNA synthesis in cultured hepatocytes, details of the role(s) of pyruvate in the process of the induction of DNA synthesis await further study.
